Small creatures such as flies and lizards are known to possess the capability of accurately sensing the angle of an incident sound wave whose wavelength is much larger than their physical dimensions. Such an exotic characteristic in these small creatures has inspired miniature directional sensors both in optics [3] and acoustics. [4] [5] [6] [7] [8] [9] [10] [11] The mechanisms behind the subwavelength directional sensing are explained with coupled resonances that amplify acoustic energy stored in each resonance. For example, miniature MEMS directional sound sensors mimic the Ormia ochracea fly's hearing system where two eardrums of the fly are mechanically coupled, supporting dual vibration modes sensitive to the incident angle. [4] [5] [6] [7] Moreover, for small animals (lizards), subwavelength sensing employs dipolar resonances through the two internally coupled eardrums (membranes) that permit instantaneous pressure difference across the membrane. [8] [9] [10] [11] Despite their promising performance, the bioinspired directional sensors based on such an internal coupling or structurally coupled resonators pose challenges associated with dedicated sensing components and a limited sensing range (i.e., from 0° only up to 180°).
Introduction
Living creatures have evolved to perceive the world through their senses for their survival. Likewise, future society based on the convergence of the physical and the digital world will be fully indebted to sophisticated sensors to seemingly connect the two worlds. Among external stimuli, sound sensing is of great importance and is complementary to light-based sensing owing to its characteristics such as omnidirectionality and relatively large wavelengths. [1, 2] Particularly, directional sound sensing is of a critical component, enabling a myriad of applications including communication, navigation, and medical imaging. Due to the omnidirectional feature of sound detectors, directional sensing typically relies on two or more spaced-apart detectors that can sense the difference in wave arrival time (or phase difference), making it difficult to use a compact subwavelength system and also requiring complicated signal processing associated beam forming. drastically different characteristics. By taking the acoustic power ratio of these resonators, the incident angle is identified without needing to know pressure at the device. First, we show a two-resonator sensor for angles 0°-180° as a platform to analytically and experimentally investigate coupling of resonances. The analytical model based on coupled harmonic oscillators elucidates radiative coupling between the resonators. Lastly, we demonstrate a three-resonator sensor having the extended sensing range of 0°-360°.
Results and Discussion

Coupled Resonance for Directional Sensing
We investigate incident-angle sensing illustrated in Figure 1a , in which an acoustic sensor is composed of a subwavelength rigid cylinder decorated with two deep-subwavelength resonators. By characterizing these resonators in response to an incident acoustic wave, the direction of the incident acoustic wave is identified in an angle-sensing range of 0°−180° or −90°−90° (i.e., half angles). In such a subwavelength regime, the difference in arrival time of a sound between these two resonators is negligible, and coupling between the resonators plays a critical role in directional sensing. Our objective is to understand the coupling phenomena associated with the directional sensing. Beyond the half-angle sensing range, we further conceive a sensor capable of sensing the full angle of an incident wave (i.e., 0°−360°).
To understand the role of the coupled resonances, we take a look at the behavior of the coupled resonators subjected to an incident external sound wave characterized by f, as illustrated in Figure 1b . Both resonators are simultaneously excited by an incident acoustic wave, yet the excitation at each resonator has a difference in phase angles characterized by 2πdsin(θ)/λ (d: distance, θ: incident angle). For a subwavelength scale (i.e., small d/λ), the excitation phase difference between the resonators is relatively small. Each subwavelength resonator couples to free-space environment (characterized by γ), scattering incident waves through scattering channels. Besides, the scattered waves from each resonator interact with the other resonator, that is, radiatively coupling (denoted to γ c ). Importantly, the radiative coupling amplifies the excitation difference, leading to Figure 1 . Acoustic subwavelength sensor for directional sensing. a) Illustration of sensing the angle of an incident acoustic wave using a cylindrical sensor composed of two acoustic resonators. Two microphones monitor the responses of the resonators for directional sensing. b) Illustration of harmonic oscillator model for direction sensor: the two harmonic oscillators coupled via radiative damping. c) Sound direction sensor consisting of a cylinder having two Helmholtz resonators. A difference in acoustic powers inside the cavities (P 1 and P 2 ) is related to the incident angle. d) Simulated angle-dependent ratio of the acoustic powers characterized inside the lossless cavities at a specific frequency (1700 Hz) for the device (23 mm diameter, 25 mm height, 1 mm slit width, 10 mm slit height, 3 mm slit depth, and 3 mm wall thickness). a drastically different response of each resonator for directional sensing. The interference between the scattered fields from the constituent resonators contrives a Fano-like resonant system having two resonators simultaneously excited, contrasting to typical Fano resonances where only one resonator is driven by an external force. [23] [24] [25] [26] [27] 
Directional Subwavelength Sensor Design
We design a cylindrical sensor consisting of two-sided Helmholtz resonators (HRs), each having a slit and a cavity, as shown in Figure 1c . Here, the two HRs spaced apart by a subwavelength distance are strongly coupled at resonance. These coupled resonators are similar to coupled membrane resonators in small animals' hearing systems, in which the membrane resonators yield dipolar resonances that are internally coupled. [8] [9] [10] [11] In our case, HRs induce monopolar resonances and are only externally coupled, amplifying the acoustic power at resonance. The behaviors of the resonators can be readily characterized by a conventional microphone inserted into each cavity. Numerical simulations of the sensor were carried out using a commercial finite-element-method solver, COMSOL (see the Experimental Section). The acoustic powers within the cavities are characterized by P 1 and P 2 , which are averaged over an area (highlighted by dashed lines in Figure 1c ) by neglecting pressure variations inside the cavity. Such a negligible pressure variation is justified when the wavelength of the sound is much longer than the dimensions of the resonator.
The incident angle of acoustic waves is characterized by a difference in acoustic powers between the cavities 1 and 2. Figure 1d shows the numerically calculated acoustic power ratios (P ij = P i /P j ) as a function of the incident angle (θ) in the two identical lossless resonators at f = 1700 Hz. In this sensing frequency, the device (23 mm diameter) is much smaller than the wavelength (λ = 201 mm). The C 2 rotational symmetry of the sensor permits half angle sensing (−90°−90°), also exhibiting P 1 /P 2 symmetrical to P 2 /P 1 with respect to θ = 0°. For oblique incidence, the power ratios deviate from unity and gradually increases with |θ| despite the small excitation phase difference between the subwavelength resonators. Notably, the resonator close to the incident angle (i.e., resonator 2 for the positive angles θ > 0° and resonator 1 for θ < 0°) has significant power enhancement, exhibiting the maximum power ratio of almost 8 at θ = ± 90°.
Theoretical Treatment
The response of the two-resonator sensor can be analyzed by modeling each HR as a harmonic oscillator consisting of a mass (m), damper (δ), and spring (k). For these coupled harmonic oscillators, the equation of motion is given by [28] [29] [30] 
where x 1 and x 2 represent the amplitudes of oscillators 1 and 2, respectively, and f 1 and f 2 are the external forces with the driving frequency ω. Here, the mass (m) of HR corresponds to a lump of air at the slit and the vicinity of the slit, which is given by m = ρS(l + l c ) with ρ being the mass density, S the cross sectional area of the slit, l the slit length, and l c the correction length for the air mass at the vicinity of the slit. In addition, the spring (k) corresponding to the springness of air inside the cavity is expressed by k = ρcS 2 /V with c the speed of sound and V the cavity volume. Importantly, the diagonal elements of the damping matrix (i.e., δ and γ) indicates damping responsible for the decay of the vibrations in the resonators; γ is the radiation leakage describing coupling between a resonator and environment, while δ is the nonradiative loss occurring around the slits of HRs. The off-diagonal elements of the damping matrix (γ c ) that represents radiative coupling between oscillators 1 and 2. By solving Equation (1) with the definition of X ij = x i /x j , the vibration amplitude of oscillator 1 (2) is represented by
where ω is the radian frequency, and ω 0 is the natural frequency
From Equation (2), we find that both γ and γ c play a critical role in determining the response of the resonator, constituting an effective damping (i.e., γ eff,1(2) = γ + γ c X 21(12) ). Note that the coupling effect is characterized by a combination of γ c and X 21(12) , and the magnitude of X 21(12) determines the strength of the coupling. The imaginary part of γ eff is responsible for resonance shift, while the real part determines the vibration amplitude. In our formalism, both γ and γ c can be analytically calculated (see the Experimental Section), providing a critical understanding of coupling phenomena.
Under assumptions of adiabatic volume changes and negligible pressure variations inside the cavity, pressure inside the cavity 1 is expressed with x 1 in Equation (2) 
where γ s is the ratio of specific heats (1.4 for air). Using the acoustic power inside the cavity
Our analytical model is validated with numerical analysis. Figure 2a shows the numerical results of pressure fields around the sensor and acoustic power inside the cavities at a frequency of 1700 Hz for the incident angles of θ = 0°, 30°, 60°, and 90°. The device dimensions are given by 23 mm diameter, 25 mm height, 1 mm slit width, 10 mm slit height, 3 mm slit depth, and 3 mm wall thickness. For oblique angles (θ ≠ 0°), we observe the acoustic shadow effect that the acoustic power of the upstream resonator (i.e., cavity 2) greatly exceeds that of the downstream resonator (cavity 1). Figure 2b shows the acoustic power spectrum in each cavity, normalized to the incident acoustic power (P inc ) for the lossless case (δ = 0). The analytical results (solid lines) obtained using Equation (3) show good agreement with the numerical results (symbols). In the analytical model, the effective mass and stiffness are used for HRs, which are given by m = 6.96 × 10 −6 kg, k = 9.04 N m −1 .γ c and γ are analytically calculated using Equation (6) in Experimental Section, which are frequency-dependent, complex numbers. Note that for oblique angles, the two resonators exhibit very different spectral line-shapes; the cavity 2 (upstream) show a Lorentzian spectral shape, whereas the cavity 1 (downstream) has an asymmetric spectral line. Such a drastic spectral difference leads to the large power contrast (P i /P j ), enabling high-sensitive directional sensing. Here, the small discrepancy between the analytical and numerical results originates from inaccuracy of l c used for m. Rigorous validation of coupling terms (γ and γ c ) is discussed in the Supporting Information.
The directional sensing of the two-resonator sensor is limited to a range of off-resonance frequencies (red shade in Figure 2b ) starting from 1680 Hz. At resonance, the acoustic power difference between the two resonators can be the largest. However, at frequencies close to the resonance frequency, one-to-one correspondence between θ and P i /P j is not guaranteed; P i /P j increases with |θ| up to a certain angle, and beyond it decreases because of angle-dependent frequency bandwidths. Note that as increasing θ, the frequency bandwidth of the cavity 2 becomes narrower, and the frequency at its peak remains constant while the peak frequency of the cavity 1 is slightly blue-shifted with increasing θ. In addition, acoustic waves do not cause significant structural vibration, because the eigenfrequencies of the device are located far away from the sensing frequencies (see the Supporting Information).
Fano-Like Resonance for Angle Sensing
The asymmetric spectral line-shape in the downstream resonator, enabling a large P i /P j , results from a Fano-like resonance due to interference between two scattering processes. Figure 3a shows the analytically calculated acoustic power spectra of the resonators with and without coupling between the resonators (i.e., onand off-interference). Here, the response of the un-coupled case (dashed line) is obtained by setting the off-diagonal elements of the damping matrix to zero (i.e., γ c = 0) in Equation (1) . The comparison between the coupled and uncoupled cases clearly exhibits that the asymmetric spectral line-shape is induced by the neighboring resonator; and its dip coincides with the peak of the other resonator (see the vertical dashed lines).
The Fano resonance states interference between a background and a resonant scattering process (i.e., interference between very different scattering processes). In our case, the interference happens between two resonators having the same resonance frequency (i.e., ω 1 = ω 2 ), which is similar to electromagnetically induced transparency (EIT) considered a special case of Fano resonance. [31] Unlike EIT's unambiguous spectral lines due to γ 1 ≠ γ 2 , our case exhibits the ambiguity in the interference effect due to γ 1 = γ 2 . Thus, to show more clear interference effects, we consider slightly detuned resonators (ω 2 = ω 1 + Δ), as shown in Figure 3b . Due to the detuning, the acoustic power spectrum of one resonator evidently shows the effect of the neighboring resonator.
In Figure 3a , the asymmetric spectral line-shape and the dip formation are observed only for oblique incidence. We find that oblique incidence causes the same resonators to have slightly different resonance shifts, thus enabling the dip formation. From Equation (2), the resonance frequency (ω res ) satisfies = , which is characterized by ω res,1(2) = ω 0 + Δω 1 (2) . Here, the resonance shift (Δω) originates from the imaginary part of the effective damping term, i.e., Im(γ + γ c X 21(12) ). It is obvious that detuning of the resonances (i.e., Δω 1 ≠ Δω 2 ) occurs when X 12 ≠ X 21 for oblique incidence.
The identical resonator shows symmetry between P 1 /P 2 and P 2 /P 1 , as shown in Figure 3c for four different frequencies. However, the detuned resonators [ Figure 3b ] show an asymmetric characteristic in Figure 3d . Notably, the detuned resonators having dips of P i ≈ 0 leads to an extremely large P i /P j , enabling a high detection sensitivity, as the sensitivity is Adv. Sci. 2020, 7, 1903101 (2) are given by m = 6.96 × 10 −6 kg, k = 9.04 N m −1 , and δ = 0 kg s −1 . γ c and γ are analytically calculated using Equation (6) . X 21 and f j are given by Equation (5) and Equation (7), respectively.
proportional to the slope of the P i /P j curve, i.e., dP ij /dθ. Particularly, an extremely large contrast of P 2 /P 1 ≈ 100 is observed for θ = 40° at 1730 Hz, which is an order of magnitude higher than that of the identical resonators. Thus, the detuned resonators can be useful in some limited applications requiring high sensitivity in a narrower angle range.
The Fano-like resonance of the coupled resonators is quantitatively described by an effective damping term, γ eff,1(2) = Re(γ + γ c X 21(12) ) in Equation (2). We observe a considerable difference of γ eff between the resonators, as shown in Figure 4a . Note that the upstream resonator (i.e., resonator 2 for positive angles) shows a very low damping γ eff responsible for a high acoustic power, whereas the downstream resonator (resonator 1) has a relatively high γ eff with a sharp transition corresponding to the dips of the spectral lines. Such a drastically different effective damping results from the interference between radiation leakage (γ) and radiative coupling (γ c X 21 (12) ): either constructive or destructive. As shown in Figure 4b , we find that the very low Adv. Sci. 2020, 7, 1903101 γ eff of the resonator 2 is realized by the destructive interference, i.e., φ eff,2 = |Arg(γ) − Arg(γ c X 12 )| ≈ π. In other words, the leakage damping (γ) of the resonator 2 is cancelled out by the coupling damping (γ c X 12 ), leading to the decrease in γ eff . The sharp transition of γ eff,1 across the resonance frequencies (Figure 4a) is responsible for the dip of the downstream resonator, which is induced by the change in the strength of coupling, i.e., X 21 , as shown in Figure 4c .
Experimental Demonstration of Directional Sensing
To experimentally demonstrate sensing of the incident angles by considering realistic losses in the resonators (δ ≠ 0), the two-resonator sensor (25 mm height) is placed in a 2D waveguide having the same height, as illustrated in Figure 5a . For different incident angles, the sensor mounted on a motorized rotation stage is rotated, while the point sound source emitting cylindrical waves is fixed. Thus, the precision rotation stage controls the incident angle, and the measurement setup is shown in the Supporting Information. To measure the acoustic powers inside the cavities, two microphones are inserted through the holes on the bottom plate, as the photo of a 3D-printed device and the insertion of the microphones are shown in Figure 5b .
The dimensions of the device are found in the Experimental Section. Figure 5c shows the acoustic power spectra measured with two microphones for θ = 0°, 30°, 60°, and 90°. Considering the thermoviscous losses in the resonators, the numerical results (solid lines) are in a fair agreement with the measurement results (symbols). Due to the intrinsic loss, the acoustic power spectra of the resonators exhibit a shifted resonance at f = 1700 Hz, compared to the lossless case (Figure 2b) . Despite the intrinsic losses, the maximum power ratio reaches almost 3 for θ = ± 90° as shown in Figure 5d at 1820 Hz (see P ij,max = 8 for the lossless case in Figure 1d ). At this operating frequency, the sensor is much smaller than the wavelength (i.e., λ/8).
Note that the sensing sensitivity proportional to the slope (i.e., dX 21(12) /dθ) shows the highest for angles close to normal, and it decreases as |θ| approaches 90°. The sensing sensitivity over the entire angles is shown in the Supporting Information.
Full Angle Sensing by Three-Resonator Sensor
To overcome the sensing range limit imposed by the tworesonator sensor, we conceive a sensor consisting of three identical resonators (26 mm diameter), as illustrated in Figure 5 . Measurement of the incident angle using the two-resonator sensor. a) Illustration of the measurement setup consisting of the sensor placed at the center of a 2D waveguide with radial anechoic termination. b) Schematics of the two-resonator sensor (perspective view and cross-sectional view). c) Spectra of two microphone signals for the incident angles (θ = 0°, 30°, 60°, and 90°), normalized to the maximum of P mic,2 at θ = 90°. The symbols indicate the measurement data, while the solid lines indicate the simulation data. The insets show the incident angle (red arrow) with respect to the two resonators. The red vertical dashed lines indicate the frequency, where the acoustic power ratio is calculated. d) Angle-dependent power ratio at f = 1820 Hz. Figure 6a . The three-resonator sensor having C 3 rotational symmetry enables full angle sensing (i.e., 0°−360°). Compared to the two-resonator sensor, coupling phenomena occurring in the three-resonator sensor are more complicated, which are characterized by the effective damping modified for three resonators (e.g., γ eff,1 = γ + γ c X 21 + γ c X 31 for the resonator 1). The acoustic power spectra measured by three microphones are plotted in Figure 6b for θ = 0°, 20°, 40°, and 60°. The acoustic powers from all three microphones are normalized to the peak value of P mic1 at θ = 0°. The simulation results (solid lines) capture the trend of the measurement results (symbols). The discrepancy between the measurement and simulation results is associated with fabrication accuracy, as discussed in the Supporting Information. Similar to the two-resonator sensor, the three-resonator sensor shows the acoustic shadowing effect, i.e., the acoustic power of the two resonators away from the sound source (i.e., resonators 2 and 3) is much smaller than that of the first resonator close to the source. Note that the resonators 2 and 3 in the acoustic shadow exhibit a slightly different characteristic, allowing to distinguish between − θ and + θ. With increasing θ, such a shadowing effect is diminished, and for an incident angle of θ = 60°, all three resonators show similar acoustic powers (Figure 6b ). Figure 6c shows the acoustic powers with respect to the incident angle θ at a frequency of 1800 Hz (higher than the resonance frequencies; see the red vertical dashed line in Figure 6b ). The numerical results show good agreement with the measured acoustic powers normalized to each microphone's peak value. The good agreement proves that the proposed sensing method is robust despite the discrepancy observed in Figure 6b . Each microphone has the maximum acoustic power when an acoustic wave is directly incident on the corresponding resonator (i.e., mic 1 for θ = 0°, mic 2 for θ = 120°, and mic 3 for θ = 240°). For directional sensing, we take an acoustic power ratio between the first two highest values at a specific angle (e.g., for θ = 30°, P 13 = P mic1 /P mic3 ), as plotted in Figure 6d . Note that the three-resonator sensor demonstrates almost constant sensing sensitivity (constant slope) throughout all the angles. The sensing sensitivity over the entire angles is found in the Supporting Information. Figure 6e . Three-resonator sensor for full incident angles (0°-360°). a) Schematics of the three-resonator sensor (perspective view and cross-sectional view). b) Spectra of three microphone signals for the incident angles (θ = 0°, 20°, 40°, and 60°), normalized to the maximum of P mic,1 at θ = 0°. The symbols indicate the measurement data, while the solid lines indicate the simulation data. The insets show the incident angle (red arrow) with respect to the three resonators. c) Angle-dependent acoustic power measured by the three microphones at f = 1800 Hz. Each curve is normalized to its peak. The simulation results (solid lines) are plotted with the measurement results (symbols). d) Acoustic power ratios of the data shown in (c). Full angles are divided into the six divisions (i.e., every 60°). The power ratio in each division is calculated with the two microphones having higher signals, as labeled in the figure (e.g., P mic,1 /P mic,3 for the first division). e) Detected angles with respect to the incident angles. The symbols represent the mean values for five measurements, while the error bars indicate the largest deviation from the mean value. signals from the downstream microphones are low, and thereby sensitive to the environment noise.
The measurements so far have been conducted using the sensors placed inside the 2D waveguide. When the sensor is used in open space, the characteristics of the sensors are changed, because the constituent resonators have different leakage (γ) and coupling terms (γ c ) from those in the 2D waveguide. Figure 7 shows the directional sensing performance of the three-resonator sensor located in open space (3D field). For three different positions of a loudspeaker, panorama photos are taken and overlaid with the measured angles (mean ± standard deviation) with respect to the actual locations of the speaker. The angular positions are determined from the images, and the background is intentionally blurred such that the loudspeaker is clearly identified (see the original images in the Supporting Information). The results for the chosen angles demonstrate a reasonable sensing accuracy, while the angles around 0°, 120°, and 240 have relatively high sensing errors. The sensing accuracy can be improved by choosing a sensing frequency closer to the resonance frequency or implementing a four-resonator device, as discussed in the Supporting Information.
Conclusion
We have demonstrated subwavelength directional sensing based on the Fano-like resonance. The proposed sensors consisting of coupled resonators decorating a rigid cylinder can sense the angle of an incident acoustic wave in a range of −90°−90° for the two-resonator sensor or 0°−360° for the threeresonator sensor. From an interference perspective, the Fanolike resonance enabling directional sensing is explained with the analytical model based on the coupled harmonic oscillator model. The experimental demonstration proves the usefulness of the compact directional sensor. As our sensing method based on the acoustic power ratio does not require the knowledge of pressure at the device, it is applicable to incident acoustic waves of which amplitudes vary with time (e.g., pulsed waves). This work does not only provide a critical understanding of radiatively coupled resonance phenomena, but also offers a viable sensing solution using conventional microphones.
